Objective and design: The objective of this study was to determine changes in toll-like receptor (TLR) responses of monocytes, myeloid dendritic cells and plasmacytoid dendritic cells during primary and chronic HIV-1 infection. TLRs serve as important innate receptors to sense pathogens, and have been implicated in mediating immune activation in HIV-1 infection. Studies assessing the consequences of HIV-1 infection on the ability of innate immune cells to respond to TLR stimulation have come to varying conclusions.
Introduction
The innate immune system is the first line of defense and consists of innate immune cells which are able to respond to infections quickly through the recognition of pathogen-associated molecular patterns (PAMPs) by receptors such as toll-like receptors (TLRs) [1, 2] . It has been shown that HIV-1 ssRNA encodes for multiple PAMPs that can be recognized by TLR7 expressed in plasmacytoid dendritic cells (pDCs) and TLR8 expressed in both monocytes and myeloid dendritic cells (mDCs) [3, 4] . Stimulation of TLR7 on pDCs induces cytokines such as IFNa and TNFa which have been shown to activate a cascade of antiviral effector functions [5] [6] [7] . IFNa in particular has a dichotomy of functions both beneficial in the induction of antiviral activities [7, 8] but also detrimental in its contribution to chronic persistent immune activation and HIV-1 disease progression [9] [10] [11] .
Although IFNa and type I interferon stimulated genes are up-regulated in vivo, in chronic HIV-1 infection [12, 13] , in-vitro stimulation of dendritic cells isolated from HIV-1-infected individuals with TLR7/8 ligands has produced mixed results with some studies showing a lower level of IFNa production in chronically HIV-1-infected individuals as compared to healthy controls [14] [15] [16] [17] [18] [19] , whereas other studies showed an elevated IFNa response [12, 20, 21] . These studies included examining responses by mRNA expression [12] , total cytokine secretion [15, [17] [18] [19] 21] as well as percentages of cytokine producing cells [14, 16, 20] , and have been performed in heterogeneous populations of chronically HIV-1infected individuals [14, 16, 18, 19] . In primary HIV-1 infection, responses to TLR7/8 stimulation have been reported to initially decline and then rebound as disease progresses to a chronic state [20] [21] [22] . Here we examined the changes in immune responses following stimulation of TLR7/8, which have been shown to recognize HIV-1encoded ssRNA, TLR9, which utilizes the similar pathways as TLR7 in inducing IFNa production, and TLR2, an important detector of Mycobacterium tuberculosis and other mycobacterium, a rising co-infection of HIV-1. These responses were examined in both early and late stages of primary HIV-1 infection and various stages of chronic HIV-1 infection, including individuals defined as 'elite controllers'. We observed that HIV-1 infection does not induce a universal alteration of TLR responses and that TLR-mediated immune responses are dependent on both viral load and the stage of infection.
Methods

Ethics statement
All human samples used were from individuals recruited and enrolled at Massachusetts General Hospital (MGH) and all participants gave written informed consent for participation in these studies. The study was approved by the Partners Institutional Review Board.
Characteristics of study participants
Peripheral blood mononuclear cells (PBMCs) previously isolated from blood drawn in acid citrate dextrose tubes were cryopreserved in liquid nitrogen for a minimum of 1 year. These included samples from HIV-1-infected individuals (n ¼ 38) and healthy HIV-1-negative individuals (n ¼ 11). HIV-1-infected individuals included participants with chronic infection (n ¼ 27) which were subdivided into three different groups: elite controllers (untreated HIV-1-infected individuals maintaining HIV-1 viral load below detectable levels of 50 copies/ml for more than 6 months; n ¼ 10), treated chronically HIV-1infected individuals (on antiretroviral treatment for more than 1 year with undetectable viral loads; n ¼ 8), and untreated chronically HIV-1-infected individuals (treatment naive or off antiretroviral treatment for more than 1 year; n ¼ 9). Primary HIV-1-infected individuals who were estimated to be within the first 2 months of infection as defined by western blot been negative or indeterminate at enrollment were also recruited for the study (n ¼ 11; Table 1 ). CD4 þ T-cell counts were significantly higher in elite controllers as compared to treated and untreated chronically HIV-1-infected individuals (P ¼ 0.002 and P < 0.001, respectively) and primary HIV-1-infected individuals (P < 0.001). CD4 þ T-cell counts were not different between the treated, untreated and primary HIV-1-infected individuals. Untreated HIV-1-infected patients had significantly higher HIV-1 viral load than elite controllers or individuals on antiretroviral therapy (P < 0.001 for both). The HIV-1 viral loads in the primary HIV-1-infected individuals were furthermore significantly higher than in the untreated chronically HIV-1-infected individuals (P < 0.001). There were no significant differences by sex and age between the three chronically HIV-1-infected groups and individuals with known hepatitis C or B virus co-infection were excluded.
Measurement of cytokine production following toll-like receptor stimulation
Cryopreserved PBMCs were thawed at 37 o C, washed and resuspended in media. 1.5 million PBMCs/ml were stimulated with 1 mg/ml CL097 (Invivogen), 5 mmol/l ODN2216 (CpG; Invivogen), or 10 7 cells/ml heat killed 534 AIDS 2012, Vol 26 No 5 Listeria monocytogene (HKLM; Invivogen). 5 mg/ml Brefeldin A (BFA; Sigma) was added immediately following the addition of TLR ligands, except for CpG in which BFA was added after 5 h of stimulation. Delayed addition of BFAwas required for CpG stimulation as TLR9 traffics through the Golgi complex to the endolysosomes to detect CpG DNA [23] . Unstimulated cells with BFA served as the negative control. Presence of intracellular cytokines, including IFNa (clone MMHA-11), in monocytes, mDCs, and pDCs were determined after 20 h of total incubation with the respective TLR ligands, as previously described [10] . All samples were acquired on an LSR-Fortessa (BD Biosciences). The percentages of cytokine producing pDCs, mDCs, and monocytes were determined by subsequent analysis using FlowJo software (Treestar Inc.). The populations of interest were defined as
The assay was optimized for use with frozen/thawed HIV-1 samples, and cytokine responses were detectable in all three populations examined (Supplementary Figure 1 , http://links.lww.com/QAD/A198). During the assay optimization we observed up to 50% decline in TLRinduced cytokine responses in the frozen/thawed samples as compared to matched fresh PBMCs. However, the responses between fresh and frozen/thawed PBMCs were significantly correlated (P < 0.001, r ¼ 0.857; data not shown).
Statistical analysis
For the immunologic assays comparing HIV-1-negative individuals to HIV-1-positive individuals, or within HIV-1-positive subgroups, Wilcoxon Rank tests (Mann-Whitney) were used to determine statistically significant differences. Given the multiple comparisons only data that reached the 1% nominal level of significance was included for this initial comparison. Spearman correlations were used to assess correspondence between responses to TLR stimulation, CD4 þ T-cell count and HIV-1 viral load. Correlations were compared without adjustments for multiple testing at the 5% nominal level of significance. Comparison of early and late primary HIV-1-infected samples was done by paired t-test. All statistical tests were two-sided exploratory.
Results
Toll-like receptor responses of dendritic cells and monocytes are altered by primary and chronic HIV-1 infection Cryopreserved PBMCs from healthy donors and HIV-1infected study participants were stimulated using a panel of ligands that stimulated various TLRs -CL097 (TLR7/8), HKLM (TLR2) and CpG (TLR9). The production of cytokines in response to TLR stimulation was compared between primary and chronic HIV-1infected individuals and HIV-1-negative controls. Background production of cytokines measured in the media control were on average less than 1% for each of the cell populations with no significant differences between the various cohorts (data not shown). The ability of pDCs, mDCs and monocytes to respond to TLR stimulation as measured by cytokine production were differentially altered during both the primary and chronic phases of HIV-1 infection regardless of treatment ( Fig. 1 ).
Monocytes and mDCs both express TLR2 and TLR8 and responded to HKLM and CL097 stimulation. Neither HKLM nor CL097 induced significantly different cytokine responses when comparing healthy controls to the combined chronic HIV-1 infection groups. However, once chronically HIV-1-infected individuals were separated into the defined subgroups, differential responses to TLR stimulations were observed. Monocyte responses to CL097 stimulation were elevated in individuals who have primary HIV-1 infection with TNFa responses been significantly higher than in HIV-1-negative controls, elite controllers and treated chronically HIV-1-infected individuals (P ¼ 0.003, P < 0.001 and P ¼ 0.003, respectively; Fig. 1a ). Similarly monocyte TNFa responses to HKLM stimulation were also significantly higher in primary HIV-1 infection as compared to HIV-1negative controls, elite controllers and treated chronically HIV-1-infected individuals (P ¼ 0.004, P ¼ 0.003 and P ¼ 0.007, respectively). Like individuals with primary HIV-1 infection, untreated HIV-1 chronically infected individuals also have significantly higher monocyte TNFa response to CL097 stimulation than HIV-1-negative controls (P ¼ 0.008). This was contrary to elite controllers who have significantly lower monocyte TNFa responses to CL097 than both HIV-1-negative controls and untreated chronically HIV-1-infected individuals (P ¼ 0.006 and P < 0.001, respectively), and significantly lower IL-1b production when compared to healthy controls (P ¼ 0.008). The data suggest that HIV-1 viral control may be associated with reduced monocyte TNFa responsiveness to TLR8 stimulation as observed in elite controllers, whereas viremic HIV-1 infection is associated with an elevated responsiveness as compared to HIV-1negative controls. None of our primary HIV-1-infected individuals became elite controllers during the first year of infection so whether the lowered level of monocyte responses observed in elite controllers was a consequence of innately lowered monocyte activation during primary HIV-1 infection, control of viral replication or both cannot be determined. Longitudinal follow-up of elite controllers starting in the primary infection may allow us to identify factors associated with innate control of HIV-1 infection.
Mimicking the monocyte responses, we also observed that mDCs from individuals with primary HIV-1 infection had a significantly higher response to HKLM stimulation than HIV-1-negative controls (P ¼ 0.006; Fig. 1b ). In mDCs the elevated TNFa responses in untreated chronically HIV-1-infected individuals were more prominent and were significantly higher when compared to elite controllers and treated chronically HIV-1-infected individuals (P ¼ 0.008 and P ¼ 0.004, respectively). For both monocytes and mDCs, TLR2 responses to HKLM were not significantly different between the various chronically HIV-1-infected subgroups.
Plasmacytoid dendritic cells express TLR7 and TLR9 but do not express TLR2 and therefore do not respond to HKLM. TLR7 stimulation with CL097 in pDCs induced significantly lower TNFa responses in elite controllers than in both HIV-1-negative and untreated chronically HIV-1-infected individuals (P ¼ 0.002 and P ¼ 0.001, respectively; Fig. 1c ). This was in line with the TNFa responses observed in both monocyte and mDC as described above; however, the higher pDC TNFa responses observed in untreated chronically and primary HIV-1-infected individuals did not elevate above HIV-1negative controls as was observed for the monocyte and mDCs. Interestingly CpG stimulation of pDCs resulted in diminished IFNa and TNFa responses in the combined chronically HIV-1-infected individuals (P < 0.001 for both) and primary HIV-1-infected individuals (P < 0.001 and P ¼ 0.006, respectively) when compared to HIV-1negative controls. The reduced IFNa responses remained significantly lower than healthy donors for the elite controllers and untreated chronically HIV-1-infected individuals (P ¼ 0.004 and P ¼ 0.003, respectively) and TNFa responses remained significantly lower in all three chronically HIV-1-infected groups (P < 0.01 for all) when compared with HIV-1-negative controls.
Taken together, these data demonstrated significant disparities between the various stages of chronic HIV-1 infection with untreated chronically HIV-1-infected individuals having a similar response to TLR7/8 stimulation as primary HIV-1-infected patients, whilst elite controllers appeared to have a suppressed response to TLR7/8 stimulation. The difference to TLR7/8 stimulation between the various HIV-1 groups also diverged from the TLR2 responses that were elevated only in primary HIV-1-infected individuals, and from the TLR9 responses which were suppressed in all HIV-1-infected individuals.
TLR8 responses correlate with both CD4 R T-cell counts and viral loads TLR7/8 stimulation with CL097 exposed the most differential response between the various HIV-1-infected study groups which were defined in part by their HIV-1 viral load and CD4 þ T-cell count. We therefore assessed whether differences in response to CL097 stimulation were associated with CD4 þ T-cell count or HIV-1 viral load (Fig. 2) . Given that each HIV-1-infected group covered a unique range of CD4 þ T-cell count and HIV-1 viral load (Table 1) combined group of all HIV-1-infected individuals. Correlations between responses observed in all HIV-1infected individuals showed that the percentage of monocytes producing TNFa following CL097 stimulation was negatively correlated to CD4 þ T-cell count (P ¼ 0.008, r ¼ -0.423) and positively correlated to HIV-1 viral load (P < 0.001, r ¼ 0.706). Similarly mDC production of TNFa was also positively associated with HIV-1 viral load (P ¼ 0.003, r ¼ 0.473). HIV-1 viral load and CD4 þ T-cell count were as expected significantly negatively correlated with each other, potentially explaining the matched association observed (P < 0.001, r ¼ -0.613; data not shown). All the other cytokine responses did not display significant correlations with either CD4 þ T-cell count or with HIV-1 viral load (data not shown). Overall this shows that monocyte and mDC responses to CL097 were associated with HIV-1 viral load and may explain the differences observed between the various HIV-1-infected study groups. Although we also observed differences in the pDC responses following TLR7 stimulation this was not correlated to HIV-1 viral load or CD4 þ T-cell count (Fig. 2) .
Toll-like receptor responses in primary HIV-1 infection change as infection progresses
The 11 individuals identified during primary HIV-1 infection were followed longitudinally with a later sample (late) taken 23-58 weeks after the initial sample which was obtained within the first 2 months of infection (early). At the later time point six study participants had initiated antiretroviral therapy resulting in significant decrease in HIV-1 viral loads to undetectable levels (P ¼ 0.035) and significant increase in CD4 þ T-cell counts (P ¼ 0.031, Fig. 3a) . The remaining five individuals with primary HIV-1 infection remained untreated and had a nonsignificant decline in HIV-1 viral load. There were no significant clinical differences between the primary HIV-1-infected individuals who initiated treatment or those who remained untreated when comparing their HIV-1 viral load or CD4 þ T-cell counts at the early treatment naïve time point. In the individuals who initiated therapy, monocyte TNFa response to CL097 also significantly diminished (P < 0.001, Fig. 3b ). These findings were consistent with the observed positive correlation between HIV-1 viral load and monocyte responses to TLR8 stimulation (Fig. 2) . However, the ability of mDCs to produce TNFa in response to CL097 did not diminish at the later time point and remained significantly higher for both treated and untreated primary infections as compared to the corresponding treated and untreated chronic HIV-1 infections (P ¼ 0.012 and P ¼ 0.005, respectively). The pDC responses were also not significantly different between samples from the early versus the matching late samples. We did not observe any significant association between the responses to the other TLR ligands and either HIV-1 viral load or CD4 þ T-cell count (data not shown).
Discussion
HIV-1-associated changes in the immune response of infected individuals have been well established; however, the effect of HIV-1 infection on the responsiveness of the TLR pathways have shown conflicting results [12] [13] [14] 20, [24] [25] [26] [27] [28] . TLRs can recognize viruses such as TLR7/8-mediated recognition of HIV-1 itself but can also be stimulated by several other pathogens such as TLR2-mediated recognition of mycobacteria. We observed that the effect of HIV-1 infection on the innate immune responses not only depended on clinical status of the infected study participants, but also differentially affected the various TLR responses both within and between the cell types examined.
We assessed the consequences of HIV-1 infection on the ability of antigen-presenting cells to respond to TLR stimulation, and observed that blood-derived monocytes and dendritic cells from both HIV-1-uninfected and infected individuals were capable of responding to TLR2, 7, 8 and 9 stimulation. When results from all individuals with chronic HIV-1 infection were combined, monocytes, mDCs and pDCs did not differ between infected and uninfected individuals in the production of cytokines following in-vitro TLR7/8 stimulation. This is contrary to earlier published data describing significantly reduced IFNa production in chronic HIV-1 infections [14] [15] [16] [17] [18] [19] 29] . However, this study differed from previous publications in several aspects; most notably several studies used total quantity of cytokines in response to stimulation as the main method of measurement [15, [17] [18] [19] 21] . This method may be skewed by the decline in dendritic cell numbers during chronic HIV-1 infection [19, [29] [30] [31] [32] [33] [34] . In our study, we assessed cytokine production by intracellular cytokine staining on the single cell level, and observed that the ability of the antigenpresenting cells that are present in the circulation to produce cytokines in response to TLR7/8 and TLR2 stimulation is not universally impaired in chronically HIV-1-infected individuals.
When chronically HIV-1-infected individuals were subdivided into those with treated and untreated chronic infections, as well as elite controllers, significant differences in TLR7/8 responses were observed, despite the relatively small cohort of individuals. The ability of monocytes, mDCs and pDCs to produce TNFa in response to TLR7/8 stimulation progressively increased from elite controllers to treated individuals with chronic HIV-1 infection to untreated viremic individuals with chronic infection. As CL097 stimulates cytokine production from all three cell types, some crossstimulation may occur between the three innate immune cells examined. If cross-stimulation does occur, it would be unlikely to be due to secretion of soluble factors such as cytokines which should be blocked by the addition BFA immediately after stimulation. Only CpG stimulation was followed by a delayed addition of BFA; however, given that pDCs are the only cells that responded to CpG stimulation, it is unlikely that the pDC responses detected are modulated by cytokines produced by other cells. The role of nonsoluble factors such as maturation and activation markers on monocytes and dendritic cells, however, was not examined and may explain the observed synchronized monocytes and dendritic cell responses to TLR7/8 stimulation. TLR7/ 8-stimulated cytokine production was positively correlated with HIV-1 viral load and negatively correlated to CD4 þ T-cell count contrary to the theory of HIV-1-induced anergy or HAART-induced recovery of TLR function as previously suggested [35, 36] . Our data showing enhanced TLR7/8 responsiveness of monocytes and mDCs in viremic infection are more in line with recently published data suggesting that HIV-1 does not induce the TLR anergy often observed with other persistent TLR stimulations [21, 37] . These findings suggest that direct HIV-1 stimulation of TLRs, in addition to indirect TLR stimulations as a consequence of microbial translocation in the gut [38] , may drive chronic and persistent immune activation and subsequent disease progression [39] .
It is of interest that the observed positive association between HIV-1 viral load and TLR7/8 responses by monocytes and mDCs was not universal to other TLR ligands, as we observed no significant differences between the subgroups of chronically HIV-1-infected patients following stimulation via TLR2 or TLR9. Furthermore, we observed that HIV-1 infection universally reduced the ability of pDC to respond to CpG stimulation, a receptor that shares many of the downstream intracellular signaling pathways with TLR7 for the induction of IFNa and TNFa [40] [41] [42] . The lack of variation in IFNa production following TLR9 stimulation differs from that observed following TLR7 stimulation and suggests that there is no universal deregulation in pDC's ability to produce IFNa but instead that the ability to respond is still dependent on the stimulant. Although stimulation of TLR7 by HIV-1 can potentially inhibit the ability of TLR9 to respond to PAMPs [40] , we did not observe a negative association between HIV-1 viral load and TLR9 responses. Instead TLR9 responses declined in all HIV-1infected individuals regardless of their viral load. This may be in part explained by previously published data showing that the presence of gp120 can suppress TLR9 but not TLR7 responses via the activation of tyrosine phosphorylation in competition to CpG [43] . In contrast TLR2 recognition of HKLM was not altered in any of the subgroups of chronically HIV-1-infected individuals when compared to healthy controls suggesting that chronic HIV-1 viral infection does not necessary cause universal TLR disruption.
Contrary to chronic HIV-1 infection, early in primary HIV-1 infection the responses of monocytes and mDCs to TLR2 and TLR7/8 stimulations were elevated, and induced a significantly higher level of cytokine responses compared to uninfected controls and chronically HIV-1infected individuals. This is consistent with the high level of immune activation and the cytokine storm described early in primary HIV-1 infections [5, 21] . Six of the 11 primary HIV-1-infected individuals initiated therapy soon after diagnosis and a second sample was obtained from both individuals that remained untreated and those that initiated therapy. We observed that following initiation of therapy only monocyte TNFa responses to CL097 declined to similar levels as those observed in the treated chronically HIV-1-infected individuals. This is in line with the strong positive correlation observed between HIV-1 viral load and monocyte TNFa responses to CL097. Although mDC TNFa responses to CL097 also declined following treatment of primary HIV-1 infection, they remained higher than in the treated chronic infection group. Potential explanations for this may be that the treated chronically HIV-1-infected individuals all initiated treatment during the chronic phase, whereas the individuals in the primary infection group initiated treatment during the acute/early phase of infection. These data may suggest that early treatment of HIV-1 infection during primary infection rather than chronic infection may be beneficial in preventing disruption of the innate immune responses observed in chronic HIV-1 infection. Further longitudinal examination of primary HIV-1 infection will be needed to determine the kinetics of the innate immune response overtime, and their consequences for disease progression.
The diverse TLR responses observed here demonstrate the complexities in which HIV-1 differentially alters the innate immune responses at various stages of HIV-1 infection. The ability of the cells to still respond strongly to TLR7/8 stimulation especially in the setting of viremic HIV-1 infection means that ongoing chronic immune activation can be continuously driven by HIV-1-encoded PAMPs. The precise mechanism by which HIV-1 modifies these individual TLR responses will need to be further analyzed as the modulation of these pathways may have important implications not only for viral control but also HIV-1-associated immune pathogenesis.
